A capillary electrophoresis with electrochemical detection was developed for the simultaneous determination of three flavonoids (naringenin, rutin, quercetin) and ascorbic acid. It was found that naringenin, rutin, quercetin and ascorbic acid were well separated within 5 min in borate buffer solution (pH 8.6, 24 mM). The detection limit was 1.0 μM for naringenin, 8.0 μM for rutin, 2.0 μM for ascorbic acid and 0.5 μM for quercetin. The protocol was successfully applied for the determination of the analytes in rat serum and excrement. Recovery results ranged from 90.9 to 108.6%.
Introduction
Flavonoids, which are widely found in many medicinal herbs, vegetables, fruits, beverages, native and artificial sanitarian foodstuffs, have attracted more interest in recent years because of their antiphlogistic, antiviral, antioxidant and antitumor properties. [1] [2] [3] [4] [5] The rapid separation and determination of flavonoids in biological fluids are of considerable importance for the correlative medical quality control, food safety and the research of metabolism of flavonoids in vital activities. However, simultaneous determination of the individual flavonoids is difficult due to the inherent structural similarity of most flavonoids and the complex matrix in biological fluids.
Up to now, high-performance liquid chromatography (HPLC) has been the main tool for the separation and determination of flavonoids. [6] [7] [8] [9] But the use of HPLC for analysis of flavonoids often has shortcomings such as long analytical period and short column lifetime, owing to unavoidable contamination. During the past decade, capillary electrophoresis (CE), in particular capillary zone electrophoresis (CZE), has become one of the versatile approaches for highly-efficient separation. CE has many advantages, such as minimal requirements for sample and running buffer, shorter analytical period and high separation efficiency. Previously, CE has been applied for the determination of flavonoids in a variety of matrices based on ultraviolet (UV) detection. [10] [11] [12] [13] [14] However, the UV detection has limited sensitivity due to the short light path-length that was decided by the small diameter of the separation capillaries. Electrochemical detection (EC) based on the electrochemical reaction of analytes on electrode surface provides one of more sensitive and selective methods for electroactive compounds for CE. CE-EC method has also been employed for the determination of some flavonoids [15] [16] [17] [18] because most flavonoids were electroactive ones. Peng et al. 17 had determined flavonoids such as hyperoside, luteolin and caffeine acid in Lonicera japonica Thumb (a traditional Chinese medicine) by CE-EC, with the detection limits ranging from 0.1 to 0.5 mg/L for analytes. Xu and coworkers 18 had reported the separation of five flavonoids in Agrimonia pilosa (a medical plant) by CE-EC with detection limits (S/N = 3) ranging from 0.02 to 0.05 mg/L. However, few papers have reported the separation and determination of flavonoids in zoophysiological samples.
The object of the present work is to develop a fast, effective CE-EC method for the simultaneous determination of three flavonoids (naringenin, rutin, quercetin) and ascorbic acid. The factors that influenced the separation and determination were investigated and optimized in detail. The method had been used to detect the analytes in rat serum and excrement and it was an alternative for the study of metabolism of flavonoids in biological processes.
Experimental

Instruments and chemicals
All reagents were of analytical grade and were used as received. Naringenin, rutin, quercetin and ascorbic acid (the molecular structures can be seen in Fig. 1 ) were from Alfa Reagent Company. Methanol, sodium hydroxide and borate were purchased from Shanghai Chemical Reagents Factory (Shanghai, China). Stock solutions of naringenin, rutin, quercetin and ascorbic acid were prepared in methanol. All standard solutions were kept at 4 C. The running buffer for separation was 24 mmol/L borate buffer (pH 8.6). All solutions were prepared with doubly distilled water and passed through a 0.22-μm cellulose acetate filter (Xinya Purification Factory, Shanghai, China). The SD rat was kindly donated by the Experimental Animal Center of Suzhou University. Additionally, all experiments were performed at ambient temperature.
A laboratory-built CE-EC system was used. Briefly, a ±30 kV high-voltage DC power supplier (Shanghai Institute of Nuclear Research, Shanghai, China) provided a separation voltage on the ends of the capillary. The inlet end of the capillary was held at a positive potential and the outlet end was maintained at ground. The separations were proceeded in a 40-cm length fused silica capillary of 25 μm i.d. and 360 μm o.d. (Hebei Yongnian Optical Fiber Factory, Hebei, China). EC detection was performed with a CHI 800 electrochemical workstation (CHI Co., Shanghai, China). A traditional three-electrode system was used with a 300-μm diameter carbon disc electrode 19 (which was made of a graphite rod of pencil; there the cylinder was insulated and the polished vertical disc acts as the electrode surface. It was electrochemically activated at 1.0 V and -1.0 V for 60 s, respectively, before use) as a working electrode, a platinum wire as an auxiliary electrode, and an Ag/AgCl electrode as a reference against which all potentials were recorded. The working electrode, which was held on a fine-tunable three-dimension adjustor (Shanghai Lianyi Instrument Factory of Optical Fibers and Lasers, Shanghai, China), was positioned exactly opposite the outlet of the capillary under a CVM-100E video-microscope (Shanghai Changfang Optical Instrument Co., Shanghai, China).
Preparation of capillary
The capillary was flushed with 0.1 M NaOH and water for 20 min, sequentially. When not in use, the capillary was rinsed with water for 5 min and dried with air flow. Between analyses the capillary was flushed with the buffer for 2 min.
Sample preparation
A healthy SD rat (body weight, 180 g) was fed with naringenin, rutin, quercetin and ascorbic acid compound. A blood sample from the tail and the excrement were collected 2 h later. The blood sample was kept for 30 min and then centrifuged at 12000 rpm for 10 min. The supernatant (serum) was collected. After 1 mL methanol was added, the serum was vortexed for 5 min, ultrasonically treated for 30 min, centrifuged at 12000 rpm for 15 min in sequence, and the upper organic layer was collected for assay. After being pounded to pieces, rat excrement was extracted by the same procedure as rat serum sample.
Results and Discussion
The collocation of electrode
The electrode could be aligned with the capillary easily because the diameter of the electrode was similar to that of the capillary. The gap between electrode and capillary formed a detection cell with the electrodes of auxiliary and reference ones. The distance between the capillary and the electrode remarkably influenced the detection of the analytes. The noise would be very obvious if the electrode was too near to the outlet of the capillary, otherwise, there would be lower sensitivity and severe peak tailing when the distance was too long. The proper distance has been decided for ca. 40 μm by optimization.
Selection of detection potential
In EC detection mode, we had to optimize the detection potential because it greatly affected the electrochemical behavior of the analytes. The hydrodynamic voltammetry experiment was carried out to obtain the optimum detection potential (Fig. 2) . It was observed that, when the detection potential was lower than 0.7 V, the analyte signals were all increased obviously with the increase of the potential and the current of quercetin attained the maximum at 0.7 V. When the detection potential was above 0.9 V, the background current increased, while the current of the analytes decreased. In order to obtain relative high response and signal/noise ratio for four analytes, 0.9 V (vs. Ag/AgCl) was selected as the optimum detection potential.
In general, the oxidation currents of the analytes in CE-EC system usually remain on a plateau or increase more with the increase of oxidation potential. [15] [16] [17] [18] The reason of decreased currents in our experiment when the potential was over 0.9 V could be attributed to the use of the electrode material that has the native rough and porous surface. When the potential was over 0.9 V, the cumulating rate of oxidation products on the electrode might be greater than the flush rate by EOF from electrode surface. So the electrochemical reaction would be obstructed by those products so as to induce the current decrease.
Effects of the running buffer solution
The composing, pH and concentration of buffer solution also play important roles in the separation and detection. Usually sodium tetraborate is the background electrolyte of the prior selection for capillary electrophoretic analysis of flavonoids [15] [16] [17] [18] 20 because the borate anion forms complexes with both the flavonoid aglycones and the hydroxyl groups of the flavonoid skeleton. According to Schmitt-Kopplin, 20 the borate ions form stable five-membered-ring complexes with 1,2-diols and six-membered-ring complexes with 1,3-diols. The flavonoids in this study have such 1,2-diols or 1,3-diols, and hence they can easily form complexes with borate. Therefore, the pH and concentration of borate buffer solution were investigated. Figure 3 showed the effect of pH on the resolutions of naringenin-rutin (Fig. 3, line 1 ) and rutin-AA (Fig. 3, line 2) . It was found that naringenin-rutin and rutin-AA could not be baseline separated when pH was 9.0. The migration time of the analytes increased with the decrease of buffer pH (data not shown). Taking into account the migration time and resolution, we selected pH 8.6 as the optimum pH for further experiments.
The effect of concentration of pH 8.6 borate buffer on the separation of the analytes was investigated in the range of 4 -60 mM. It was found that the electroosmotic flow decreased with the increase of buffer concentration, which resulted in the increase of migration time of the analytes. When borate buffer solution concentration was over 24 mM, too broad electrophoresis peaks of the analytes were observed for the high joule heat. A borate buffer solution (24 mM) was then chosen due to the relatively shorter analysis time and higher separation efficiency.
Effect of separation voltage
Separation voltage, another important influence, was examined. As had been reported, migration time of the analytes decrease and the peak shapes became sharper when the separation voltage increased. However, the electric current in capillary also increased obviously and too high electric currents appeared, which resulted in peak broadening and non-ideal stability of separation, when the separation voltage was over 18 kV. Thus, 18 kV was chosen as the separation voltage.
Validation of the method
Under the optimized conditions, naringenin, rutin, ascrobic acid and quercetin were well separated within 5.0 min in CE-EC system (Fig. 4) . The regression equations, linear ranges, detection limits and theoretical plate numbers (per meter) of the analytes are listed in Table 1 . The detection limits were evaluated on the basis of an S/N ratio of 3. In regression equations, Y represented the analyte signal and X the concentration of the analytes (μM). It was found that the determination of the analytes by our laboratory-built equipment (CE-EC) was satisfactory. The detection limits were 0.5, 1.0, 2.0, and 8.0 μM (0.1, 0.2, 0.3 and 4.8 mg/L) for quercetin, naringenin, ascorbic acid and rutin, respectively. It was seen that the detection limits were lower than those of UV detection except rutin (in UV detection, the LOD was 0.6, 0.6, 0.5 and 0.5 mg/L for quercetin, naringenin, ascorbic acid and rutin, respectively). Moreover, the advantages include the fact detection sensitivity of EC mode would be more distinguishable than UV mode when smaller i.d. size capillary and microelectrode were used. The advantage was also indicated from the plate number of each analyte in Table 1 that the separation efficiency in CE-EC was high.
Nine replicate injections of a mixture of 0.1 mM naringenin, rutin, ascrobic acid and quercetin resulted in less than 5% inter and intra RSD for all analyte signals and less than 1.5% for migration time, demonstrating relatively good reproducibility of CE.
Application
Sample A (serum, Fig. 5A ) and B (excrement, Fig. 5B ) were obtained from a healthy rat (180 g) 2 h after an oral dose of 0.18 mg naringenin, rutin, quercetin and 0.36 mg ascorbic acid. The samples were pretreated as the section of sample preparation. The identification of analytes was by the comparison of migration time and spiking with the standard compounds. It was seen that naringenin was observed in rat serum and ascorbic acid was found in rat excrement. The two unknown peaks observed in rat serum were presumed to be the metabolites of rutin and quercetin. Based on regression equations, the concentration of naringenin in rat serum was calculated to be 24.72 μM (n = 3, RSD = 4.6%), and the concentration of ascorbic acid in excrement was 414.6 μg/g (n = 3, RSD = 3.8%). Recovery experiments were also carried out to validate the accuracy of the proposed methods. The recovery was evaluated by comparing the analyte signals of the analytes obtained from the spiked serum with those of the same concentration standard solution (n = 3). The recovery results are listed in Table 2 , which indicates the good accuracy of the CE methods.
Conclusion
The presented work had demonstrated the success of a laboratory-built capillary electrophoresis system with EC detection for the separation and detection of naringenin, rutin, ascrobic acid and quercetin in rat serum or excrement. The advantages of this method include high separation efficiency and sensitivity, low price, low sample consumption and waste production; thus the method can offer good promise for rapid determination of flavones in real biological samples. 
